Background: To investigate the therapeutic effect of intercellular adhesion molecule (ICAM)-1-modified mesenchymal stem cells (MSCs) in a mouse model of inflammatory bowel disease (IBD) induced by dextran sulfate sodium.
Introduction
Inflammatory bowel disease (IBD) is an intractable autoimmune disease that leads to abdominal pain, diarrhea, fever, or other symptoms that may be caused by chronic inflammation of the digestive system [1, 2] . Currently, the conventional medications include salicylic acid, corticosteroids, immunosuppressive agents, and antibiotics [3, 4] . These therapies may offer temporary remission but their curative effects are not obvious and adverse reactions, such as psoriasis, drug-induced cytotoxicity, and hypersensitivity, may arise in response to the treatment [3, 4] .
Mesenchymal stem cells (MSCs) are prototypical adult stem cells that can self-renew and differentiate into multiple types of cells and tissues in vitro and in vivo. In recent years, MSCs have been shown to have powerful immunomodulatory effects and to stimulate tissue repair capacity; MSCs have been suggested as a promising tool for treatment of IBD [5, 6] . Additionally, MSC homing to the target organ is important for the therapeutic effects in vivo [7, 8] . Intercellular adhesion molecule (ICAM)-1 has been demonstrated to play the crucial roles in the specific and efficient immune responses [9] . ICAM-1 belongs to the immunoglobulin superfamily of cell adhesion molecules (CAMs) that guide the homing of various immune cells to the proper anatomical location within secondary lymphoid organs. Physiologically, ICAM-1 is expressed at a low level in MSCs [9, 10] . However, ICAM-1 expression in MSCs sharply increases in inflammatory microenvironments. Additionally, ICAM-1 upregulation has been demonstrated to contribute to the immunosuppressive effects of MSCs [9, 10] . In our previous work, we constructed ICAM-1-overexpressing MSCs using the mouse MSC line C3H10T1/2 (C3 cells). We found that elevated ICAM-1 expression remarkably suppressed osteogenic differentiation of MSCs [11] . Additionally, ICAM-1 enhanced MSC migration in the transwell system in vitro and promoted MSC migration to the injured thyroid gland in vivo [12] .
Due to the inflammatory characteristics of IBD and the therapeutic effects of MSCs in inflammatory diseases, we hypothesized that ICAM-1 in MSCs may contribute to IBD treatment. Therefore, in the present study, we treated IBD mice with primary MSCs and ICAM-1-overexpressing MSCs. The in vivo distribution of MSCs, their therapeutic effects, and the underlying mechanisms were investigated in an IBD mouse model.
Materials and methods

Animals
BALB/c (H-2Kd) mice (male, 1-2 weeks of age) used for the cultivation of primary MSCs were purchased from the Animal Center of the Academy of Military Medical Sciences (Beijing, China). BALB/c (H-2Kd) mice (male, 6-8 weeks of age) with a body weight of 20 g were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. The mice were raised in a secondclass animal room of the Advanced Laboratory Animal Center of the Academy of Military Medical Sciences and fed with sterilized feed and drinking water. All animals received care according to the Guide for the Care and Use of Laboratory Animals. The protocol was approved by the Committee on the Ethics of Animal Experiments of the Academy of Military Medical Sciences.
Cell preparation
Primary MSCs were isolated from mouse compact bone and expanded according to a published protocol [13] . MSCs at passages 3-6 were used for the experiments unless indicated otherwise. The immunophenotypes and multipotency of the isolated MSCs were detected according to our previous protocol [13] . Briefly, the immunophenotypes of isolated MSCs were analyzed by flow cytometry. Phycoerythrin (PE)-conjugated monoclonal antibodies against mouse CD29, CD31, CD44, CD86, CD105, CD140a (PDGF receptor a), and MHC-Ia (major histocompatibility complex [MHC] class II) and allophycocyanin-conjugated antibodies against mouse stem cell antigen-1 (Sca-1; all products were purchased from eBio-Science) were used. To detect multiple differentiation of MSCs, the osteogenic, adipogenic, and chondrogenic differentiation assays were performed. Alkaline phosphatase staining and Von Kossa staining were used to determine osteogenic activity; Oil Red O staining was used to determine adipogenic differentiation, and toluidine blue staining was performed to determine chondrogenic activity.
The mouse MSC cell line (C3 cells, from C3H mice) was purchased from the American Type Culture Collection (Manassas, VA, USA). ICAM-1-overexpressing mouse MSCs were prepared according to a previously described protocol [11] .
MSC treatment of IBD mice
Mice were randomly assigned to six experimental groups including a control group, IBD group, primary MSC group, C3 group, C3-vector group, and C3-ICAM-1 group (n > 6 in each group). Mice in the control group were watered with deionized water. The rest of the mice were given a 5% DSS solution (Sigma-Aldrich, St. Louis, MO, USA) for 7 days to generate the IBD experimental mouse model, and then, their water source was changed to deionized water [14, 15] . Fresh DSS solution was replaced every other day. On the third day of the treatment, the mice in the primary MSC group, C3 group, C3-vector group, and C3-ICAM-1 group were injected with 1 × 10 6 cells in 500 μl of PBS via the tail vein. The mice in the control group and IBD group were injected with the same volume of PBS.
General observation and histopathological evaluation of IBD mice
The general status (stool traits, mental state, and activity) of mice in each group were observed. The weight of mice was measured, and the mortality rates were recorded. To perform histopathological evaluation, mice in each group were sacrificed at day 7 post-infusions; the colon was harvested and the length of the colon was measured. Then, the colon was fixed in 10% neutral formaldehyde, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (HE staining). Scoring was performed according to the Scheiffele criteria [15, 16] . To detect the changes in inflammatory cytokine tumor necrosis factor α (TNF-α) in the colon of IBD mice, immunohistochemical staining was performed and the positive areas were calculated by ImageJ.
MSC distribution in vivo
The primary MSCs, C3 cells, C3-vector cells, and C3-ICAM-1 cells were labeled with fluorescent CM-DIL according to the manufacturer's protocol. The cells (1 × 10 6 cells in 500 μl of PBS) were injected into the lateral tail vein of IBD mice. The colon and spleen of the mice were obtained at 24 h and 48 h, respectively. The samples were pruned to the appropriate size, fixed, embedded, frozen, and sectioned. The infused cells are labeled by CM-DIL and are shown in red. All cell nuclei are stained by DAPI and are shown in blue. The sections were observed under a fluorescent microscope, and the average number of red fluorescent cells per three images in triplicate mice was counted at × 200 magnification.
Flow cytometry
The cell surface expression of ICAM-1 in MSC cell lines was analyzed by flow cytometry with phycoerythrin (PE)-conjugated monoclonal antibodies against mouse ICAM-1.
For intercellular cytokine staining, mouse splenocytes were harvested and cultured with 500 ng/ml ionomycin, 50 ng/ml phorbol 12-myristate 13-acetate (PMA), and 3 mg/ml brefeldin A (Sigma Aldrich) for 6 h. The splenocytes were washed and stained for CD4 and intracellular interferon-γ (IFN-γ), interleukin (IL)-4, or IL-17A. For analysis of regulatory T cells (Tregs), an anti-mouse intranuclear forkhead box P3 (FoxP3) kit (eBioscience, San Diego, CA) was used according to the manufacturer's protocol. Signals were recorded by flow cytometry with a FACScalibur system (Becton Dickinson), and data were analyzed with the WinMDI 2.9 software.
Quantitative polymerase chain reaction (PCR) analysis
To assess the effect of MSCs on immune cytokine expression in splenocytes in vivo, nucleated mouse splenocytes were collected 3 days after cell infusions. Total RNA was extracted with TRIzol reagent (Invitrogen) and reverse transcribed using an mRNA-selective PCR kit (TaKaRa). Mouse IFN-γ, IL-4, IL-17A, and Foxp3 cDNA were amplified by real-time PCR using a SYBR Green PCR kit (Sigma). The primer sequences used for the real-time PCR are shown in Additional file 3: Table S1 .
Statistical analysis
Data are presented as the mean values with standard deviations. Statistical significance was analyzed using oneway ANOVA. P values less than 0.05 were considered to be significant.
Results
The infusion of ICAM-1-overexpressing MSCs dramatically improved the general condition of IBD mice
In this study, the expression of ICAM-1 in C3 cells was determined before cell transplantation. Flow cytometry revealed that more that 90% of the cells were ICAM-1-positive in the ICAM-1-overexpressing MSC group (Additional file 1: Figure S1 ).
The general condition of mice including their mood, weight, and survival rates were observed every day. Compared to mice in the IBD groups, the IBD mice that received primary MSCs, C3 cells, C3-vector cells, or C3-ICAM-1 cells showed less depression, better food intake, and higher activity (Fig. 1a) . Additionally, the weight loss of IBD mice was controlled by MSC infusions (Fig. 1b) . Furthermore, MSCs enhanced the survival of IBD mice (Fig. 1c) . It should be noted that ICAM-1-overexpressing MSCs had significantly stronger effects than that of primary MSCs, C3 cells, and C3-vector cells (Fig. 1a-c) .
Transplantation of ICAM-1-overexpressing MSCs remarkably alleviated the pathological damage in colon of IBD mice
To evaluate the effects of various MSCs on the colon of IBD mice, the colon was examined and its length was measured. As shown in Fig. 2a , the colons of IBD mice were visibly contracted and shortened compared to that in the control group. The colon lesions of IBD mice were remarkably alleviated after MSC infusions. Additionally, colon contraction and shortening were significantly improved in IBD mice treated with ICAM-1-overexpressing MSCs (Fig. 2a, b) . To further determine the effects of ICAM-1-overexpressing MSCs on IBD mice, mouse colon was histopathologically examined (Additional file 2). In mice of the control group, the colon structure was intact, and only a few lymphocytes were detected in the lamina propria. However, severe inflammatory cell infiltration was observed in the villi and lamina propria of the colon of IBD mice. It should be noted that edema of the lamina propria and submucosa was the main pathological change in the MSC-treated mice and was accompanied by a minor infiltration of inflammatory cells (Fig. 3a) . The pathological scores were assigned according to the Scheiffele criteria. Tissue damage was significantly ameliorated by ICAM-1-overexpressing MSCs (Fig. 3b) .
ICAM-1-overexpressing MSCs have enhanced targeted migration to inflamed colon and spleen in vivo
It is well known that the colon is the main target organ of IBD. To further investigate the mechanisms of MSCmediated therapeutic effects, the distribution of MSCs in mouse colon was determined using CM-DIL labeling and frozen tissue sectioning. Red fluorescent cells were detected in the colon of IBD mice 24 h after cell infusions. Higher number of MSCs was observed at 48 h in the inflamed colon (Fig. 4 and Fig. 5a ). Additionally, compared to the mice in the C3-vector group, MSC localization in the colon was markedly increased in the C3-ICAM-1 group (Fig. 5b) . This result indicates that overexpression of ICAM-1 promotes the homing of MSCs to the colon.
Accumulating evidence has demonstrated that MSCs migrate to immune organs, control inflammation, and contribute to tissue regeneration through potent immunomodulatory effects on immune cells [17, 18] . Thus, we hypothesized that genetic overexpression of ICAM-1 promotes MSC homing to immune organs, such as the spleen, thereby improving therapeutic effects of MSCs in the mouse model of IBD. The results of frozen sectioning indicated that migration of C3-ICAM-1 cells toward the spleen of IBD mice was significantly increased compared to that of the C3-vector cells (Fig. 6a, b) . This increase may contribute to the healing effect of MSCs on the damaged intestine. (Fig. 6 ). However, no significant changes in Th2 cells were observed in the current study.
In addition to modulating T cell subpopulations in the spleen, MSC infusion influenced the expression of splenocyte-derived immune factors. After DSS induction, the mRNA expression levels of IFN-γ and IL-17A were significantly increased and their expression declined after MSC infusion. The changes in IFN-γ and IL-17A expression were more pronounced in mice that received C3-ICAM-1 cells (Fig. 7) . Consistent with the changes in Th2 subpopulation, no significant differences in IL-4 expression were observed in mice of the C3-vector and C3-ICAM-1 groups. Foxp3 expression is required for Treg production; Tregs protect tissue from hyperactive inflammatory response. As shown in Fig. 7 , ICAM-1- 
Discussion
In the current study, we found that systemic infusion of ICAM-1-overexpressing MSCs dramatically attenuated pathological lesions in the mouse model of IBD. Additionally, higher number of ICAM-1-overexpressing MSCs was detected in the colon and spleen of IBD mice. Moreover, the T cell subpopulations in the spleen were remarkably repolarized after MSC infusion.
IBD is an intractable autoimmune disorder that markedly deteriorates quality of life. The etiology and pathogenic mechanisms underlying IBD remain largely elusive; however, increasing evidence indicates that the development of IBD results from an extremely complex interaction between genetics, environment, microbial factors, and autoimmune responses eventually leading to chronic inflammation and tissue destruction in the gastrointestinal tract [21, 22] . The central feature of IBD is defined by inflammation of the gastrointestinal tract, which is associated with unrestrained immune response with increased abnormal T cell activity.
MSCs are characterized by active proliferation, plastic differentiation, strong immunomodulation, low immunogenicity, and abundant trophic factor production; MSCs alleviate inflammation by modulating inflammatory cytokines in inflamed tissues [23, 24] . Additionally, MSCs contribute to the regeneration of injured organs via cellular migration [17, 18] . Hence, MSCs have been tested as efficient treatments for immune-related diseases, including IBD [23, 25] . Numerous studies have shown that MSC administration may be an important treatment option for IBD. MSC-based therapy targets multiple pathological processes in IBD by replacing damaged tissues, inhibiting inflammation, and suppressing fibrosis [25] [26] [27] .
However, MSCs used for IBD treatment are currently administered through intravenous transplantation resulting in a likelihood of remaining in the blood-rich tissues (liver, lung, and spleen). A number of animal studies reported low levels of MSC recruitment and persistence in vivo [28] . Therefore, methods for enhancing homing (Fig. 6 ) (*, P < 0.05) to the target organ and anti-inflammatory effects of MSCs are urgently needed to improve their clinical efficacy. Intercellular adhesion molecule-1 (ICAM-1), also known as CD54, participates in signal transmission between the cells, regulates immune response, mediates cell differentiation and development, and is closely related to lymphocyte homing and recycling [9, 10] . Normally, ICAM-1 is not expressed on the surface of MSCs; however, ICAM-1 is upregulated in the inflammatory microenvironment. ICAM-1 enhances the immunosuppressive effect of MSCs and significantly enhances the adhesion of T cells. When ICAM-1 is functionally blocked or knocked out, the immunosuppressive effect of MSC is significantly reversed [9, 10] .
MSCs have a stable genetic background and foreign genes are easy to introduce and overexpress in these cells. Therefore, overexpression of ICAM-1 may play a role in promoting the homing of MSCs to the target organs thus enhancing MSC presence in the injured tissues in IBD, such as an inflamed colon. However, the exact effects and underlying mechanisms require additional experimental confirmation. Fortunately, we directly observed that a higher number of C3-ICAM-1 cells remained in the colon and spleen of IBD mice and the cells were significantly more abundant than the cells administered in other groups. Functionally, ICAM-1-overexpressing MSCs improve the general condition of IBD mice, promote weight recovery, improve survival rate, and reduce intestinal tissue damage.
Increasing evidence has demonstrated that the balanced regulation between proinflammatory immune cells/cytokines and anti-inflammatory immune cells/cytokines plays an important role in the development of IBD [29, 30] . T cells are the key mediators of the adaptive immune system and are ubiquitous in animal and human tissues. Once activated, T cells can differentiate into Th1, Th2, Th9, Th17, or Tregs according to the intensity of stimulation and the cytokine microenvironment. Hence, T cells modulate various autoimmune diseases and protect organisms from infections and malignancies [31] . Moreover, it has been demonstrated that MSCs tightly interact with T cells [32] [33] [34] [35] [36] .
Spleen is one of the main peripheral immune organs and contains a high number of T cells; hence, we It should be noted that the route of MSC administration and the source and type of MSCs may influence the therapeutic effects and should be clarified in the future studies. Gonçalves et al. compared the therapeutic effects of different routes of administration of MSCs in the treatment of experimental colitis [37] . The data demonstrated that intravenous administration of mouse adipose tissue-derived MSCs was more effective than that in the case of intraperitoneal treatment in reducing the clinical and histopathological severity of colitis. Further studies revealed that the downregulation of proinflammatory cytokines (IL-6 and TNF-α) and the upregulation of anti-inflammatory cytokines (IL-10 and IL-4) may contribute to the therapeutic effects of MSCs [37] . In our study, the MSCs were intravenously administered to IBD mice and the data indicate that overexpression of ICAM-1 in MSCs remarkably augmented the beneficial effects of MSC therapy by overcoming low homing efficiency of MSCs suggesting that improving the homing activity of MSCs is an effective therapeutic strategy in inflammatory colitis.
Additionally, Legaki et al. reported the therapeutic potential of secreted molecules derived from human amniotic fluid mesenchymal stem/stromal cells (SS-AFMSCs) in a mouse model of colitis [38] . The authors found that administration of conditioned media (CM) derived from SS-AF-MSCs can reduce the severity of colitis in mice. Mechanistic analysis showed that anti-inflammatory cytokine levels, such as TGF-β1 and IL-10, were significantly increased while proinflammatory cytokine levels, including TNF and IL-1, were remarkably decreased in IBD mice after CM infusion [38] . These data suggest that SS-AF-MSCs and their CM have a potential use in IBD therapy. Another study demonstrated that intraperitoneal administration of the extracts of MSCs (MSC-Ex) instead of MSCs yielded improved therapeutic effects in experimental colitis. The results showed that MSC-Ex blocked the expression of inflammatory cytokines and shifted the macrophage functional phenotype from M1 to M2 [39] . Notably, the treatment with MSC-Ex was more potent than that with MSC in reducing DAI, the histological score, and nitrite levels [39] . We did not administer MSCs or their derivatives in IBD mice intraperitoneally in the current study; however, we believe that interesting findings mentioned above may be helpful in reinforcing our findings in future studies.
Conclusion
MSC-based treatment of IBD has good application potential; however, numerous clinical and basic research problems remain to be solved. Our results indicate that ICAM-1-overexpressing MSCs have higher migration to inflamed intestinal tissue and the spleen, which enhances their therapeutic effects. However, whether MSCs can survive for an extended duration in the recipient tissues and their final fate in vivo after implantation require further study. These results may help in the development of cell-based therapies for the treatment of IBD and the expansion of MSC treatment to a wider range of diseases. 
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